Abstract. Preeclampsia is a complex multi-organ disease and the leading cause of maternofetal morbidity and mortality. low levels of indoleamine 2,3-dioxygenase (ido) and diminished numbers of regulatory T cells (Tregs) have been separately reported to participate in the pathogenesis of preeclampsia. in the present study, we aimed to determine whether alterations in the expression of ido, forkhead box P3 (Foxp3) and interleukin-18 (il-18) contribute to the pathogenesis of preeclampsia, by measuring their levels in preeclamptic placentae and in placentae from healthy pregnant women as a control. ido protein levels were determined by immunohistochemistry, while the mrna levels of ido, FoxP3 and il-18 were measured by quantitative rT-Pcr. The intensity of ido immunostaining was lower in the preeclamptic placentae than in the normal controls, and was related to the clinical severity of the preeclampsia. Quantitative rT-Pcr revealed that the ido and il-18 mrna levels were reduced in a correlated manner the preeclamptic placentae compared to the controls, and that the levels of FoxP3 mrna were consistently decreased in the preeclamptic group. a positive correlation betwen FoxP3 and ido mrna was found. The results of the study indicate that il-18, ido and FoxP3 mrna levels were decreased in the preeclamptic placentae. reduced ido levels in pre eclampsia may be partly influenced by IL-18, and result in the maladaptation of maternal tolerance and the pathogenesis of preeclampsia by directly reducing Tregs.
Introduction
Preeclampsia is a complex multi-organ disease and the leading cause of maternofetal morbidity and mortality (1, 2) .
This obstetrical condition is also associated with significant fetal growth restriction, perinatal asphyxia and pre-term delivery. although it is a common disease, its pathogenesis has yet to be fully elucidated. increasing evidence now indicates that this disorder may have an immunological cause, in the form of allogeneic fetal rejection (3) (4) (5) . in recent years, the down-regulation of indoleamine 2,3-dioxygenase (ido) and diminished regulatory T cells (Tregs) in preeclampsia have been separately reported to play a crucial role in the maladaptation of maternal tolerance and the pathogenesis of preeclampsia (5) (6) (7) (8) .
as the key enzyme in tryptophan metabolism, ido catalyzes the initial rate-limiting step of tryptophan degradation along the kynurenine pathway. in humans, ido expression has been observed by immunohistochemistry in placentae (9, 10) , tumor-draining lymph nodes (11) and primary tumors (12,13), which in turn are infiltrated by CD4 + cd25 + Treg cells. The close relationship between ido activity and Treg cells has recently been the focus of intense study, since this positive correlation has been found to play a critical role in the pathogenesis of tumors and autoimmune diseases, as well as in spontaneous abortion. Thus, we hypothesized that both ido expression levels and the number of Treg cells would be reduced in placentae from preeclamptic women, and that the decrease in Treg cells would be related to the down-regulation of ido.
interleukin-18 (il-18), originally described as interferon-γ (iFn-γ)-inducing factor, is known to induce tumor necrosis factor-α (TnF-α) and iFn-γ production (14). il-18 plays an important role in the Th1-mediated immune response in conjunction with interleukin-12 (il-12), and also stimulates the Th2 immune response in the absence of il-12 (15) . To date, il-18 levels in preeclampsia have been measured in only a few studies, which reported contradictory results in the sera (16, 17) and plasma (18,19) of normotensive and pre eclamptic women. notably, not only iFn-γ, which is induced by il-18, but also il-18 itself proved to be independently capable of inducing ido expression (20) . in the present study, immunohistochemistry and quantitative rT-Pcr were used to measure the expression levels of ido, forkhead box P3 (Foxp3) and interleukin-18 (il-18) in preeclamptic placentae, with the aim of determining whether alterations in their levels are related and contribute to the pathogenesis of preeclampsia.
Materials and methods

Samples.
Fresh placentae samples were collected from women with a singleton pregnancy complicated by preeclampsia (n=16) and from women with a normal healthy singleton pregnancy (n=18). Preeclampsia was diagnosed according to the criteria of the international Society for the Study of Hypertension in Pregnancy (21) . all placenta samples were obtained with informed consent according to the declaration of Helsinki. approval was obtained from the Ethical Committee of the Provincial Hospital affiliated to Shandong university.
Immunohistochemistry. The placentae were cut into small blocks, washed several times with phosphate buffered saline to remove excess blood, fixed for 12-16 h in neutral buffered formalin, and embedded in paraffin. Sections (5 µm) were cut from the paraffin-embedded tissue blocks and placed onto aPeS-coated slides.
immunohistochemical analyses were performed using the avidin-biotin peroxidase complex method according to standard manual methods. Sections were stained with antibodies directed against human ido (abcam, cambridge, uK). Heat retrieval was performed before the addition of the primary antibody. appropriate positive and negative controls were used for all immunohistochemical stains. images were captured on a leica dM 4000B microscope (Solms, germany).
immunostaining for ido was scored by two independent observers without prior knowledge of the group from which the sections came. Ten fields per subject were semiquantitatively scored in each section as follows: 0, no staining; 1, weak staining; 2, moderate staining; and 3, strong staining (7).
Quantification of IL-18, IDO and Foxp3 mRNA. Total rna was rapidly isolated using the rna isolation kit (invitrogen, calsbad, uSa). reverse transcription was carried out with 0.5 µg of the total RNA to transcribe the cDNA. Quantitative Pcr was performed on an aBi 7500 Fast instrument (Perkin elmer, uSa) using SYBr Premix ex Taq (Takara, dalian, china). The primers used were: human indo, forward 5'-cccTTcaagTgTTTcaccaaaTc-3' , reverse 5'-aTg TCCTCCACCAGCAGTC-3'; human FoxP3, forward 5'-GAC TTggTgcTgacgaacTg-3', reverse 5'-gccTgaacaag AGCCTTTATCC-3'; human IL-18, forward 5'-TGCATCAAC TTTgTggcaaT-3' , reverse 5'-aTagaggccgaTTTccTT GG-3'; and human β-actin, forward 5'-Tggcacccagca caaTgaa-3' , reverse 5'-cTaagTcaTagTccgccTaga agca-3'. a relative quantitative assay was adopted in which the ct value equalled the number of Pcr cycles required for the fluorescence signal to exceed the detection threshold value.
The difference between the ct values of the target gene and the β-actin housekeeping gene was used to calculate the Δct. all experiments were run in triplicate with the same thermalcycling parameters. non-template controls and dissociation curves were used to detect primer dimer conformation and non-specific amplification. Human β-actin mrna was used for normalization to ensure equal amounts of starting rna.
Statistical analysis. Statistical analyses were performed using SPSS software version 16.0. clinical data were normally distributed and expressed as the means ± standard deviation (Sd), and ido, FoxP3 and il-18 expression levels were expressed as quartiles. Statistical differences between groups were compared using the Student's t test or the Mann-Whitney u test, and correlations were calculated using Spearman's rho test. P-values <0.05 were considered statistically significant.
Results
The median age of the healthy and preeclamptic women was 27.6 and 31.8 years, respectively. after statistical analysis, the fetal birthweight was significantly lower and the gestational age was markedly shorter in the preeclamptic group. Preeclamptic women had elevated proteinuria and much higher blood pressure. relevant clinical details of the subjects are presented in Table 1. as shown in Fig. 1 , immunostaining for ido was observed almost entirely in endothelial cells and was evident in most capillaries and specific villi arteries. In the endothelial cells, ido-positive immunostaining was distributed in both the nuclei and cytoplasm. Weak but substantial signals were also detectable in syncytiotrophoblasts, while no staining was observed in interstitial cells. no positive staining was observed in the negative control sections. Marked differences in the intensity of ido immunostaining were observable by direct visual comparison of normal and preeclamptic placentae (Fig. 1 ), and were confirmed by statistical analysis of the semi-quantitative scoring (P=0.001, Mann-Whitney u test) (Fig. 2) .
By comparing the clinical data from the preeclamptic samples grouped according to the semi-quantitative score, the women with samples showing weak or no ido staining were found to have significantly higher maternal blood pressure as well as a lower fetal birthweight and shorter gestational age (Table 1 ) than the women with moderate or strong ido staining. in quantitative rT-Pcr assays, the levels of il-18, ido and FoxP3 mrna were simultaneously investigated in placentae from preeclamptic women (n=16) and healthy pregnant women (n=18) as controls. as shown in Fig. 3 , the expression of ido and il-18 mrna decreased in a correlated manner in the preeclamptic placentae compared to the controls (il-18, P=0.004; IDO, P<0.001). There was also a decrease in the FoxP3 mrna level in preeclamptic women (P<0.001).
No significant correlation between IL-18 and IDO levels was found upon analysis of the placentae from preeclamptic women (r=0.303, P=0.254) (Fig. 4a) . However, the expression of IL-18 mRNA was significantly downregulated in preeclampsia samples with weak or no ido immunostaining compared to those with moderate or strong staining (P=0.001) (Fig. 4B) . Furthermore, in the preeclamptic placentae, a positive correlation was found between the levels of FoxP3 and IDO mRNA (r=0.535, P=0.033) (Fig. 5A) . To further confirm this relationship, FoxP3 mrna levels were compared among the groups with different intensities of ido immunostaining. The data revealed that the expression of FoxP3 mrna was downregulated in samples with weak or no ido staining (P=0.001) (Fig. 5B) .
Discussion
The results of this study indicate that the levels of il-18, ido and FoxP3 mrna were reduced in placentae from preeclamptic women compared to the normal controls. a Pcr. levels of il-18 and ido mrna were decreased in the placentae of preeclamptic patients (n=16) compared to those of healthy pregnant women (n=18). FoxP3 mRNA levels (n=16) were significantly lower in preeclamptic placentae compared to the controls (n=18). significantly positive correlation was found between the severity of preeclampsia and the degree of ido staining. Furthermore, the level of FoxP3 expression was consistent with that of ido, indicating a close relationship between ido and Tregs. We performed a comparative study of normal and preeclamptic pregnancies. The data revealed that il-18, ido and FoxP3 levels were significantly down-regulated in preeclamptic placentae compared to the controls, as evidenced by ido immunostaining and quantitative rT-Pcr. The function of il-18 has been described in numerous inflammatory diseases, including inflammatory arthritis, insulin-dependent diabetes mellitus and pulmonary diseases (14). il-18 plays an important role in Th1-mediated immunity in conjunction with il-12, and also stimulates Th2 immunity in the absence of il-12 (15) . However, only a few studies have associated il-18 to preeclampsia. Two studies have described a significant elevation of serum and/or placenta IL-18 levels in preeclampsia (16, 17) . others have examined the level of il-18 in preeclamptic plasma (18, 19) . among these studies, adams et al (18) did not observe any changes in the plasma il-18 levels of normotensive and preeclamptic women, while roland et al (19) found that IL-18 concentrations were significantly lower in the preeclamptic samples than in the controls. it has been reported that, besides preeclampsia, the early phase of gestation (<34 weeks) (23, 24) and treatment with β-methasone (18) may be related to the level of il-18 in maternal blood. However, since previous studies found no association between IL-18 levels in plasma and gestational age (18) or β-methasone (19), we believe that the reduced il-18 levels observed in preeclampsia are not the result of β-methasone treatment, but rather indicate a different role for il-18 in the pathology of preeclampsia.
il-18, originally described as iFn-γ-inducing factor, is known to induce the production of TnF-α and iFn-γ (14), the latter of which has a major influence on IDO expression (25) . il-18 has also been demonstrated to induce ido in human osteosarcoma cells, independently of iFn-γ (20) . in the present study, il-18 and ido mrna levels were both downregulated in preeclampsia samples compared to the normal controls. Although no significant correlation was found between these results in the preeclampsia samples, when il-18 levels were compared between groups with different intensities of ido immunostaining, the level of IL-18 was significantly lower in the samples with weak or no ido immunostaining. The present results regarding ido expression are consistent with previous reports describing a relationship between ido and the pathogenesis of preeclampsia (6) . in agreement with this study, nishizawa et al (5) demonstrated that placental IDO activity values had a significant inverse correlation with both systolic and diastolic blood pressure, indicating that the severity of preeclampsia is inversely correlated with ido activity. The mechanism of ido-mediated immunosuppression was initially believed to depend on the inhibition of T-cell effectors by toxic metabolites of tryptophan (26) . activated T-cells undergo cell-cycle arrest when deprived of tryptophan, thus becoming more susceptible to apoptosis (27) . The importance of ido to maternal-fetal tolerance was confirmed by demonstrating that the administration of IDO inhibitor led to higher blood pressure and proteinuria, in addition to local circulation impairment in the placenta, analogous to the lesions characteristic of human preeclampsia (28).
Besides the down-regulation of ido, the decrease in cd4 + cd25 + FoxP3 + T-cells is a potential factor in the pathogenesis of preeclampsia. Steinborn et al (7) and Sasaki et al (8) found a decreasing number of Treg cells present in preeclamptic women, and sugested that this change in Tregs might break the maternal tolerance to the fetus and result in preeclampsia. in this study, we detected the expression of FoxP3 mrna by quantitative Pcr, and revealed that its levels were markedly decreased in preeclamptic placentae.
We therefore hypothesized that the down-regulation of ido expression and the decrease in the number of Tregs are closely related, and conducted further analyses to investigate whether the down-regulation of ido affected the number of Tregs in preeclampsia. The preeclamptic samples were divided into two groups according to their ido immunostaining score. The level of FoxP3 mrna was lower in the samples with a low score, compared those with a high score. a positive correlation between ido and FoxP3 mrna levels was also found in the preeclamptic specimens. This suggests that ido activity is related to the reduction in Treg cells, which participate in the pathogenesis of preeclampsia.
it has been suggested that ido is a possible immunosuppressive effector mechanism of Tregs. Tregs can trigger high levels of functional ido expression in mouse dendritic cells (dcs) in vitro (29) . conversely, it was recently revealed that ido can encourage naive cd4 + T cells to differentiate into Foxp3 + Tregs in vitro (30) . a series of studies have provided evidence that ido may play an important role in the proliferation and conversion of Tregs, as well as in the activation of preexisting resting Tregs. Besides dcs, ido is expressed in endothelial cells and alters endothelial T-cell responses (31) . in a study by Hautz et al (32) , increasing expression of ido and of FoxP3 was observed in the endothelium during rejection late after transplantation. The authors reported that characteristics of the cellular infiltrate indicated tolerogenic properties of a number of the cells, and thus a tendency of the alloimmune response towards self-limitation, during skin rejection after hand transplantation. Since, in placentae, most of the cells positive for ido staining are endothelial cells, and since the down-regulation of ido in endothelial cells is observable, it is reasonable to speculate that the down-regulation of ido expression in endothelial cells may lead to a decrease in the number of Tregs, and thus play a role in the pathogenesis of preeclampsia.
in conclusion, we demonstrated that levels of il-18, ido and FoxP3 mrna are decreased in preeclamptic placentae. The reduction of ido mrna is related to the level of FoxP3. Therefore, the down-regulation of ido in preeclampsia may be partly influenced by IL-18 and result in the maladaptation of maternal tolerance and the pathogenesis of preeclampsia by directly reducing Treg cells. This is potentially a novel mechanism in the pathogenesis of preeclampsia, and warrants further investigation for the possible establishment of presymptomatic diagnosis or prophylaxis therapy.
